Large-scale changes in luminance are known to exert a significant suppressive or masking effect on visual perception, but the neural substrate for this effect remains unclear. In this report, we describe the results of experiments using in vivo intracellular recording to explore the impact of luminance transients on the responses of orientation-selective neurons in layer 2/3 of tree shrew primary visual cortex. By measuring changes in excitatory and inhibitory conductances, we find that instantaneous changes in luminance evoke strong cortical inhibition. When combined with visual stimuli that would otherwise yield strong excitatory responses, luminance transients produce significant reductions in excitation as well as increases in inhibition. As a result, luminance transients significantly delay the emergence of orientation tuned cortical responses, and virtually eliminate ongoing responses to effective stimuli. We conclude that cortical inhibition is a critical factor in luminance-evoked cortical suppression and the likely substrate for luminance-induced visual masking phenomenon.
Introduction
During experience with natural scenes, the visual system is subject to rapid, large-scale changes in luminance imposed by alterations in observer position or gaze angle as well as changes in the environment itself (movement of clouds, shadows of moving objects, etc.). Such spatially uniform changes convey relatively little information about the details of the visual scene; nevertheless, when present, they exert a powerful influence on the observer's ability to perceive the features signaled by local image contrast. For example, a sudden change in mean luminance can mask the appearance of visual targets presented slightly before, at the same time, or just after the luminance transient (Crawford, 1947; Macknik and Livingstone, 1998; Breitmeyer and Ogmen, 2000; Ogmen et al., 2003) . Moreover, performance on visual discrimination tasks is substantially reduced by concurrent changes in luminance .
The suppressive impact of luminance transients on perception accords with the impact of large-scale changes in luminance on the responses of neurons in primary visual cortex (Kayama et al., 1979; Komatsu et al., 1996; Kammer et al., 1999; Kinoshita and Komatsu, 2001; Haynes et al., 2004; Peng and Van Essen, 2005) . Increments or decrements in luminance are accompanied by short latency changes in cortical activity including a prominent transient (tens to hundreds of milliseconds) suppression of neural response whose duration is consistent with the perceptual effects of luminance transients (Bridgeman, 1975; Macknik and Livingstone, 1998; Gawne and Martin, 2002; . However, the neural substrate that mediates luminance-evoked suppression of cortical response remains unresolved. Lateral geniculate neurons generate transient responses to changes in luminance (Schiller, 1968; Sherman, 2001; Martinez-Conde et al., 2002; Denning and Reinagel, 2005) , raising the possibility that cortical response suppression arises from a reduction in the activity of excitatory feedforward inputs. However, evidence that visual masking phenomena exhibit interocular transfer (a masking stimulus presented to one eye can mask the appearance of a stimulus presented to the other eye) suggests that luminance-evoked suppression may depend on intracortical circuits, perhaps reflecting the preferential recruitment of cortical inhibitory neurons (Kolers and Rosner, 1960; Schiller, 1965; Macknik and Martinez-Conde, 2004) .
Here, we describe the results of experiments using in vivo intracellular recordings to explore the effect of spatially uniform luminance transients on the responses of neurons in tree shrew visual cortex. Our goal was to characterize the subthreshold response of cortical neurons to luminance change, and to determine how these uniform changes in luminance affect the response to structured visual stimuli, in particular, the response to gratings. For this reason, we focused our attention on neurons in cortical layer 2/3 that are well tuned to stimulus orientation, a tuning that arises via inputs from non-orientation-selective layer 4 neurons (Chisum et al., 2003; Mooser et al., 2004 ). Our results demonstrate that changes in luminance evoke strong cortical inhibition, which delays the emergence of orientation tuned responses in layer 2/3 neurons and eliminates ongoing responses to effective stimuli. We conclude that cortically derived inhibition is a critical factor in luminance-evoked cortical suppression and the likely basis for luminance-induced perceptual masking.
Materials and Methods
Tree shrew preparation. Surgical preparations for tree shrews (Tupaia belangeri) have been described previously (Bosking et al., 1997) . Briefly, adult tree shrews (4 -12 months) were initially anesthetized before surgery with ketamine (200 mg/kg) and xylazine (4.7 mg/kg) by intramuscular injection and a 2:1 mixture of N 2 O/O 2 supplemented with 1.5% halothane, delivered through a tracheostomy by artificial respiration. Procedures for intracellular recording included creating a small craniotomy (0.5-1.0 mm diameter) overlying V1, retracting dura, and performing a bilateral pneumothorax to reduce pulsations attributable to respiration. All wound margins, incisions, and pressure points were treated with lidocaine. Before recording, halothane levels were reduced to 0.75%, N 2 O/O 2 mixture set to 1:1, and the animal was paralyzed with pancuronium bromide administered through an intraperitoneal cannula. The animal was secured in a modified stereotaxic frame, and the eyes were protected by planar contact lenses. Temperature was maintained at 38°C, expired CO 2 at 3.5%, and the electrocardiogram was monitored throughout the experiment. All experimental procedures were approved by the Duke University Institutional Animal Care and Use Committee and were done in compliance with guidelines published by the National Institutes of Health.
Visual stimuli. Visual stimuli were generated by programs written in Matlab with Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) on a Macintosh G4 computer, and presented at 120 Hz on a calibrated Sony (Tokyo, Japan) GDM-C520 cathode ray tube monitor, having a luminance range of 0.3-120 cd/m 2 . Orientation tuning curves were determined by randomly presenting equiluminant full-field static (nondrifting) square-wave gratings at 18 different orientations between 0 and 180°and fitting subthreshold responses with a Gaussian curve [y ϭ y 0 ϩ (A/(w sqrt(/2))) exp(Ϫ2(x Ϫ x c ) 2 /w 2 )], where y 0 is the baseline offset, x c is the center of the peak, A is the total area under the curve from the baseline, and w is the width (2). Visual stimuli were presented for 1 s at interstimulus intervals of 1 s, synchronized to the vertical refresh signal of the monitor, allowing repeated trials to be aligned with submillisecond accuracy.
Because luminance-evoked responses are generated by transitions between two visual stimuli differing in mean luminance, we used two methods to create visual stimuli containing various combinations of grating contrast and luminance. In the first method, we varied the luminance of the first stimulus (the preceding uniform field) while the second stimulus remained constant. For example, a high contrast grating (100% contrast; black bars, 0.3 cd/m 2 ; white bars, 120 cd/m 2 ; overall mean luminance, 60 cd/m 2 ) preceded by a black uniform field yielded a transition with increasing luminance (e.g., see Fig. 4C ), whereas the same grating preceded by a gray uniform field (60 cd/m 2 ) gave an equiluminant transition (e.g., see Fig. 4 B) . In the second method, the first stimulus remained constant as we varied the luminance of the second stimulus. For example, low contrast (10%) gratings with alternating light gray (66 cd/m 2 ) and dark gray (54 cd/m 2 ) bars were made equiluminant to a preceding uniform gray field (see Fig. 7A ). A grating with the same contrast (i.e., difference between "light" and "dark" bars was equal to 12 cd/m 2 ) was produced with alternating white (120 cd/m 2 ) and light gray (108 cd/m 2 ) bars (see Fig. 7C ), which gave an increasing luminance transition relative to the preceding flat gray field (from 60 to 114 cd/m 2 ). The first method was necessary to investigate the effect of luminance on high contrast gratings, having black and white bars that used the full luminance range of the monitor (i.e., luminance step gratings). The second method was needed to present isolated transitions in contrast and luminance (i.e., delayed luminance step gratings) (see Figs. 5A, 7E) . Because the majority of neurons in layer 2/3 of tree shrew have complex receptive fields (our unpublished data), after determining the preferred orientation of the neuron, we selected a single grating phase that generated a vigorous response, and used the same phase for all subsequent measurements.
Intracellular recordings. Intracellular recordings followed standard methods. Sharp electrodes (80 -130 M⍀) were fabricated using borosilicate capillary glass tubing (World Precision Instruments, Sarasota, FL) and an electrode puller (Sutter Instrument, Novato, CA). For standard (nonconductance) recordings, electrodes were filled with 2 M potassium acetate. For conductance recordings, electrodes were filled with 2 M cesium acetate and 50 mM lidocaine N-ethyl bromide (QX-314) (Calbiochem, La Jolla, CA) to block intrinsic sodium and potassium conductances, permitting recordings to be obtained during large positive current injections, uncontaminated by action potentials and other voltage-gated conductances. The effect of these ion-channel blockers was typically evident several minutes after impalement, because action potentials initially broadened and then disappeared. In a few cases (e.g., see Figs. 4 Fii, 5Aii) , data used in conductance calculations were obtained before blockade was complete, and where necessary, action potentials were clipped and filtered before analysis.
Electrodes were stabilized by applying 4% agar to the craniotomy, reducing brain pulsations caused by heartbeat and respiration, and advanced by hydraulic and mechanical micromanipulators (Soma Scientific, Irvine, CA). Recordings were targeted to neurons in superficial layers of cortex, having estimated depths of 0.2-0.8 mm below the pial surface. Intracellular recordings were obtained in current-clamp (bridge) mode on an Axoclamp-1D (Molecular Devices, Union City, CA), filtered at 3 kHz, and digitized at 10 kHz with a CED Power 1401 (Cambridge Electronic Design, Cambridge, UK) connected to a personal computer running Spike2 software. After obtaining a stable recording, small current steps were delivered to facilitate bridge balance and capacitance neutralization, and these settings were rechecked every few minutes to verify stability of recordings, which were commonly maintained for 30 -120 min. The time constants of electrodes were typically an order of magnitude faster than that of cells, allowing precise compensation of electrode resistance both before and after impalement. Neurons selected for analysis had stable resting potentials below Ϫ65 mV, action potentials Ͼ50 mV above threshold, and input resistances Ͼ50 M⍀. All were identified as regular-spiking neurons, exhibiting spike-frequency adaptation, lack of intrinsic bursts, and broad action potentials (full-width at halfmaximum, Ͼ0.6 ms).
Conductance calculations. Synaptic conductances were determined by a previously published method (Hirsch et al., 1998; Anderson et al., 2000) . Recordings were obtained at three to five different levels of current injection between Ϫ0.4 and ϩ0.8 nA, maintaining the membrane potential at various levels between Ϫ120 and ϩ20 mV, and up to 20 trials were acquired at each setting.
The resting input conductance (G rest ) of the neuron was determined by the following equation: V ϭ V 0 ϩ I inj /G rest , where V is the membrane potential, I inj is the injected current, and V 0 is the resting membrane potential in the absence of current injection. Similarly, the total conductance of the neuron, G total (t), was determined for the entire time course of response by the formula V(t) ϭ V visual (t) ϩ I inj /G total (t), where V(t) is the time-varying stimulus-evoked membrane potential response at the associated level of current injection, and V visual (t) is the excursion in membrane potential for the stimulus-evoked synaptic response in the absence of injected current (I inj ϭ 0). To determine how excitatory and inhibitory conductances [G exc (t) and G inh (t)] contribute to the total conductance, we assume that the total conductance can be attributed to three independent factors according to the following formula:
The impact that each of these conductances exerts on the membrane potential depends on its reversal potential and the total conductance according to the following formula:
Although inhibitory currents are normally carried by both chloride and potassium, in our experiments potassium channels are blocked by intracellular cesium, so we assume that all inhibitory currents are carried by chloride through GABAergic channels with a reversal potential of Ϫ75 mV (V i ), and all excitatory currents are carried by glutamate-mediated nonselective cation channels having a reversal potential of 0 mV (V e ). Equations 1 and 2 provide two equations with two unknowns (G exc and G inh ) which are solved at each point in time by simple linear methods using custom Matlab programs. All values are reported as the mean Ϯ 1 SD.
Results
Subthreshold response of cortical neurons to large-scale changes in luminance Our initial step in investigating the effect of changes in luminance on cortical neuronal circuits was to characterize the subthreshold responses of layer 2/3 neurons to full screen (73 ϫ 55°, width by height) changes in luminance. Changes in luminance evoked multiphasic responses, typically consisting of a weak, short latency depolarization followed by a strong hyperpolarization lasting up to several hundred milliseconds ( Fig. 1 ). For approximately one-half of the sample (n ϭ 18), equivalent responses were found for luminance increments and decrements ( Fig.  1 A, B) . For the remainder of the population, responses to increments and decrements were distinct, either because the shape of the multiphasic response was substantially different (Fig. 1C) , or because response to one sign of luminance change was hyperpolarizing, whereas the response to the other was depolarizing (Fig. 1 D) (n ϭ 15). Despite these differences, a strong hyperpolarizing response to luminance steps was present in all of the cells in our sample. Both the amplitude and duration of the hyperpolarization were correlated with the magnitude of the luminance step: larger luminance steps (either increments or decrements) produced larger and longer hyperpolarizing responses ( Fig. 1 A-D) . To examine this relationship across the population, we normalized the negative peak of each response to the largest hyperpolarization within the series of luminance steps for each cell (Fig. 1 E) . The resulting curve shows that the amplitude of the hyperpolarizing responses grows progressively with the magnitude of luminance change. The onset latency of the luminance response varied with the magnitude of the luminance step ( Fig. 1 F) , occurring 16 Ϯ 8 ms earlier for the large versus small steps (100% luminance step, 23 Ϯ 4 ms; 10%, 39 Ϯ 13 ms). Although the initial brief depolarization was a common feature of the luminance-evoked response, the cell-tocell variability in its amplitude made it difficult to draw strong conclusions regarding its relationship to the magnitude of the luminance change.
Luminance-evoked hyperpolarization reflects an increase in inhibition
To determine the contribution of various sources of synaptic excitation and inhibition to luminance-driven cortical responses, we used electrodes filled with a solution containing QX-314 and cesium to block both voltage-gated sodium and potassium channels, and varied the membrane potential between Ϫ120 and ϩ20 mV by injecting current through the electrode, altering the driving forces on synaptic currents. At rest, luminance-evoked changes in membrane potential are dominated by excitatory synaptic events, because the membrane potential is far from the reversal potential for cationic currents gated by glutamate receptors and near the reversal potentials for chloride-and potassium-mediated inhibition. Conversely, when the cell is depolarized near zero millivolts, luminance-evoked changes in membrane potential are dominated by inhibitory synaptic events.
Luminance-evoked hyperpolarizations were observed to be relatively small near the resting membrane potential, but their Responses are similar for equally sized luminance steps regardless of positive or negative luminance trajectory, indicating that these neurons are sensitive to the magnitude but not direction of the luminance step. C, D, Two neurons with asymmetrical responses, exhibiting substantially different waveforms to increases and decreases in luminance. All responses are relative to the resting membrane potential indicated by thin flat line overlaying response. Calibration: 5 mV, 100 ms. Mean luminance was varied stepwise from a uniform gray field (60 cd/m 2 ; 50% gray) by amounts ranging from Ϫ37.5 to ϩ37.5% relative to the full luminance range of the monitor (minimum: 0.3 cd/m 2 , 0%; maximum: 120 cd/m 2 , 100%). The size of the luminance step and time of stimulus onset are graphically represented at top along with pairs of icons symbolizing visual stimuli: the first icon represents the uniform gray field, which preceded a uniform field with higher or lower mean luminance, represented by the second icon. After the transition, the luminance remained constant for 1 full second (longer than the duration of the intracellular trace). E, Population average showing systematic relationship between normalized absolute value of the magnitude of the hyperpolarization and size of luminance step. For each cell, the most negative value in membrane potential for each luminancedriven response was normalized to the maximum hyperpolarization within the luminance series. Error bars indicate SEM. F, Superimposed traces for four stimulus conditions (luminance steps: 10, 20, 50, and 100% from a preceding uniform black field, 0%) showing systematic relationship between luminance change and onset latency.
magnitude grew substantially larger as the membrane potential was progressively depolarized toward zero millivolts, yielding amplitudes commonly fivefold greater than those at rest (Fig. 2 A) . Linear fits to response amplitudes from each cell showed average reversal potentials of Ϫ85 Ϯ 6 mV (n ϭ 11) (Fig. 2 B) , a value consistent with the reversal potentials for inhibitory synaptic currents. This suggests that the hyperpolarizing responses evoked by changes in luminance are dominated by increases in inhibition with little or no contribution of changes in excitation.
From these data, we were able to obtain a more quantitative assessment of the synaptic components of luminance-driven responses by calculating the relative changes in excitatory and inhibitory conductances (Fig. 2C) . Conductance calculations revealed that luminance changes cause a large increase in the total conductance of the cell, which is almost entirely attributable to increases in inhibition. After changes in luminance, the excitatory conductance was either unchanged or slightly diminished throughout the response, although in some cases there was a small, brief increase in excitatory conductance that occurred very early in the response at the same point in time as the short latency depolarization, mentioned previously. During the negative-most aspect of the hyperpolarization, inhibitory conductance, ⌬G inh , increased 33 Ϯ 10% and excitatory conductance, ⌬G exc , decreased Ϫ5 Ϯ 4%, relative to the total conductance of the neuron, G total , at rest (n ϭ 11) (see Fig. 5B ).
Luminance transitions evoke a transient hyperpolarization that is not found with equiluminant transitions
The strong net inhibitory response of layer 2/3 neurons to a change in luminance was not observed when stimulus transitions were equated for average luminance. This point is illustrated in Figure 3 , where the response of individual cortical neurons to a luminance step is compared with their response to a square wave grating of the preferred orientation, whose mean luminance was equivalent to that of the preceding uniform field stimulus (equiluminant transition; mean luminance of both grating and preceding uniform field, 50% gray). As described above, luminance steps consistently evoked strong transient hyperpolarizing responses (Fig.  3A) , but this was never observed for equiluminant transitions, regardless of the contrast of the grating (n ϭ 15) (Fig. 3B) . Instead, equiluminant gratings of the preferred orientation always evoked net depolarizing responses whose magnitude and rise time varied systematically with contrast.
Conductance calculations for high contrast equiluminant transitions revealed rapid, simultaneous increases in both inhibitory and excitatory conductances (Fig. 3C) , consistent with observations from intracellular recordings in visual cortex of the cat (Ferster, 1986; Hirsch et al., 1998; Anderson et al., 2000; Monier et al., 2003) . To compare the results across the population of cells, conductances were quantified by measuring their value at the peak of the depolarization, where both excitatory and inhibitory conductances increased by about one-third (⌬G exc , 34 Ϯ 10%; ⌬G inh , 37 Ϯ 4%; n ϭ 10) over the initial level of the resting total conductance, G total (see Fig. 5C ). Thus, the major difference in synaptic inputs between equiluminant and luminance step transitions lies in excitatory conductance changes: both stimulus conditions yield an increase in inhibitory conductances, but only equiluminant conditions result in significant increases in excitatory conductances (compare with Fig. 2C ). Luminance-driven hyperpolarization is mediated by large increases in synaptic inhibition. A, Effect of varying membrane potential on amplitude of luminance-evoked hyperpolarization. As the membrane potential was depolarized by continuous injection of positive current through the intracellular electrode, the magnitude of the luminance-driven hyperpolarization progressively increased, becoming five times greater at ϩ10 mV (ϩ600 pA; right) than at rest (0 pA injection; left). The stimulus was a transition from a gray to white uniform field, sustained for 1 s. B, Calculation of reversal potential for luminance-evoked hyperpolarization. By varying the amount of current injection, hyperpolarizations were recorded at multiple membrane potentials to assess the approximate potential at which the driving force on the luminance-evoked response was nullified. Because the magnitudes of hyperpolarization differed between cells, the set of responses for each cell was normalized to the response evoked at zero millivolts. (In many cases, this value was extrapolated by fitting the set of points to a linear function.) This graph contains two or three representative points (postnormalization) from each cell, the set of which were fit by a straight line (n ϭ 11 layer 2/3 neurons). The y-intercept, Ϫ85 Ϯ 6 mV, indicates the population average reversal potential of the luminance-evoked hyperpolarization. C, Effect of changes in luminance on synaptic conductances for three neurons (i-iii). The top row shows intracellular responses obtained at the resting membrane potential after a transition in mean luminance from black to white (100% luminance step). Additional responses (data not shown) were recorded at multiple levels of current injection to calculate changes in synaptic conductances. Luminance-evoked hyperpolarizations (top row) were correlated with large increases in total conductance (G total ; second row) that were almost entirely attributable to changes in inhibitory conductance (⌬G inh ; bottom row), as excitatory conductance decreased only slightly (⌬G exc ; third row). The quality of conductance values were verified by calculating theoretical responses based on these parameters (gray line overlaying membrane potential; top row). In most cases, the calculated trace was virtually indistinguishable from the true response, indicating that the conductance parameters accurately represent the luminance-evoked changes in synaptic activity.
Luminance transients veto the response of layer 2/3 neurons by evoking strong reductions in excitatory inputs as well as increases in inhibition What accounts for the failure of luminance transitions to evoke increases in excitatory conductances like that seen with equiluminant transitions? A parsimonious explanation would be that luminance increments evoke inhibition in layer 2/3 neurons and in the cortical neurons that supply their excitatory inputs. Indeed, the weak depolarizing response to luminance change that frequently precedes the strong hyperpolarizing response in layer 2/3 neurons is consistent with luminance evoked inhibition of cortical excitation. However, stronger support for this interpretation comes from an analysis of the impact of luminance change on the response of layer 2/3 neurons to a stimulus that, presented in isolation, produces a robust increase in excitatory drive. Figure 4 compares in the same neuron, responses generated by luminance steps, equiluminant gratings, and luminance step gratings, a high contrast grating of the preferred orientation preceded by a uniform field stimulus having a substantially different mean luminance (higher or lower) than the grating. When a luminance step was combined with the presentation of a grating stimulus, the initial response was remarkably similar in appearance to that produced by presentation of an equivalent luminance step alone (Fig. 4, compare A, C) . The small depolarization and subsequent hyperpolarization that were prominent features of the response to isolated luminance steps were clearly evident in the initial response to luminance step gratings. As a result, the first spike produced by the luminance step grating was significantly delayed relative to that evoked by equiluminant gratings (average delay, 75 Ϯ 20 ms; equiluminant grating, 47 Ϯ 6 ms; luminance step grating, 122 Ϯ 59 ms; p Ͻ 0.01, paired t test; n ϭ 7). Consistent with this result, the peak depolarization evoked by luminance step gratings was also significantly delayed, relative to those evoked by both high and low contrast equiluminant gratings, and preceded by a prominent hyperpolarization (Fig. 4 D, E ) (luminance step grating, 117 Ϯ 15 ms; high contrast equiluminant grating, 56 Ϯ 11 ms; p Ͻ 0.001; low contrast equiluminant grating, 94 Ϯ 23 ms; p Ͻ 0.02, independent t test; n ϭ 15; peak measured at 90% of maximal amplitude).
The depolarizations evoked by luminance step gratings frequently exhibited different peak amplitudes than those evoked by equiluminant gratings. In some cases, the peak response to the luminance step grating was greater than that of the equiluminant grating (Fig. 4 D) , whereas in other cases it was less (see Fig. 7 A, C) . These differences were correlated with the response of the cell to pure luminance change: luminance step gratings evoked diminished responses in cells having solely hyperpolarizing responses to changes in pure luminance (Fig. 1 B) , but they generated augmented responses in cells exhibiting secondary (rebound) depolarization (Fig. 1 A, C,D) . Averaging across the cells in our sample, the difference in peak depolarization to equiluminant and luminance step conditions was not significant (luminance step, 9 Ϯ 4 mV; equiluminant, 14 Ϯ 6 mV; p Ͻ 0.13, independent t test; n ϭ 15).
These results indicate that luminance transitions exert a powerful suppressive effect on the excitatory drive to layer 2/3 neurons, an effect that is confirmed by conductance calculations (Fig.   Figure 3 . Responses evoked by changes in luminance are not mimicked by responses to gratings. A, B, Intracellular responses to changes in full-field luminance and equiluminant gratings for three neurons (i-iii). Although changes in full-field luminance produced biphasic or multiphasic responses including a strong hyperpolarization (A), preferred orientation gratings evoked depolarizations that increased monotonically to a peak in membrane potential before decaying steadily toward baseline (B). Although the time course and amplitude of responses varied for high (100%; black trace), intermediate (10 -20%; gray trace), and low (7-10%; light gray trace) contrast gratings, equiluminant gratings with preferred orientations did not evoke hyperpolarization at any contrast, indicating that multiphasic signatures are not caused by salient visual stimuli, but rather they are specific to changes in luminance. C, Conductance measurements obtained in response to presentation of equiluminant high contrast gratings for three cells (i-iii). Conventions are the same as in Figure 2C . High-contrast preferred-orientation gratings evoked strong depolarizations from rest (top row, i and ii) and strong hyperpolarizations from membrane potentials ϳ0 mV (top row, iii), sustained by continuous injections of positive current. These responses revealed large increases in total conductance (second row), in which both excitatory and inhibitory conductances exhibited large, sustained increases, having similar time courses (third and fourth rows).
F).
The total change in conductance induced by the luminance step grating consists of two stages that are distinguished by different contributions of excitatory and inhibitory conductances. The initial increase in total conductance that follows the presentation of a luminance step grating is almost entirely attributable to an increase in inhibitory conductance. This is followed by a second increase in total conductance that involves an increase in both excitatory and inhibitory conductance. Thus, in terms of the relative contribution of excitatory and inhibitory conductance changes, the initial response to the luminance step gratings resembles the response to isolated changes in luminance, and lacks the strong increase in excitatory conductance that is found with equiluminant grating transitions (Fig. 4G) . Note also that the initial change in inhibitory conductance evoked by the luminance step grating is less than that evoked by an equiluminant grating. Thus, luminance steps appear to veto the full complement of synaptic inputs that are conveyed to layer 2/3 neurons after the presentation of an equiluminant grating, perhaps as a consequence of blocking excitatory drive at an early site in the cortical circuit. In the three cells for which conductance calculations could be made, inhibitory conductance at the initial peak increased 17 Ϯ 6% without a change in excitatory conductance (⌬G exc ϭ 3 Ϯ 2%) relative to the resting total conductance (Fig. 5D ).
Changes in luminance actively suppress ongoing grating-evoked cortical excitation
Although the onset of the luminance step and the grating were simultaneous, the response to this stimulus appears as two distinct components, an early component that has the conductance profile associated with isolated changes in luminance and a later component that exhibits the properties of an equiluminant grating response. This raises the possibility that the strong impact of the luminance step on the cortical response to a grating stimulus may depend at least in part on the fact that luminance-driven inhibition of cortical circuits arrives early, before the high levels of synaptic activity generated by a grating stimulus can be recruited. If privileged temporal access to cortex is a major factor in the luminance veto of the grating response, then the impact of luminanceevoked suppression should be significantly reduced by delaying the onset of the luminance step, allowing cortical circuits time to build a strong grating-evoked response. , and high contrast gratings with a change in mean luminance relative to the preceding uniform field (C, luminance step grating) are shown for three cells (i-iii). In response to luminance step gratings (C), the first spike was preceded by a strong hyperpolarization and delayed relative to the first spike evoked by equiluminant gratings (B). Stimulus onset is coincident with the beginning of the trace. Calibration (adjacent to traces in C): 20 mV, 50 ms. The size of the luminance step is equivalent for stimuli in A and C. The square icons represent the luminance of the uniform field (left icon) and the stimulus that induced the transition in grating contrast and/or luminance (right icon). Beneath the icons, the luminance values of the stimuli are symbolically represented by line drawings (horizontal lines, flat luminance; square waves, gratings), in which the amount of vertical displacement between the two line drawings signifies the presence (A, C) or absence (B) of a luminance transition. Note that the luminance values of the light and dark bars for the equiluminant grating (B) fall equally above and below the luminance of the preceding uniform field, but for the luminance step grating, the luminance values for both light and dark bars are higher than the preceding black field. Also note that the grating stimulus is identical in B and C; the luminance step is imposed by changing the luminance of the preceding uniform field only. D, Superimposed traces showing subthreshold responses to an equiluminant high contrast grating (black trace), an equiluminant low contrast grating (light gray trace), and a high contrast grating with a change in mean luminance relative to the preceding uniform field (dark gray trace). Note that the onset latency of response for the high contrast grating and (Figure legend continues. ) To test this possibility, we delayed the presentation of luminance steps such that they would occur at the peak of gratingevoked responses (delayed luminance step grating stimuli). Namely, equiluminant gratings were preceded by a uniform gray field, and ϳ100 ms later, near the peak depolarization, the visual stimulus was changed to a grating with the same orientation and contrast but having a higher (or lower) mean luminance. In these recordings, after the transition to the luminance step grating, the ongoing grating-evoked depolarization was abolished for tens to hundreds of milliseconds as the membrane potential transiently hyperpolarized beneath the resting potential, creating a prominent notch (Fig. 5A) . Conductance calculations for delayed luminance step gratings revealed that, after the luminance transition, inhibitory conductance rose sharply by 33 Ϯ 18% and excitatory conductance fell abruptly by Ϫ14 Ϯ 10% relative to the total conductance (n ϭ 3) (Fig. 5E) . These results emphasize that changes in luminance exert a powerful veto on the response of cortical circuits regardless of their ongoing level of activity, and do so via complementary changes in excitatory and inhibitory conductances.
Lateral geniculate neurons generate sustained responses to changes in luminance
The complementary changes in inhibition and excitation recorded in individual layer 2/3 neurons are consistent with a mechanism in which luminance steps drive increases in the activity of cortical inhibitory neurons that, in turn, silence the activity of cortical excitatory neurons. Such a mechanism requires that luminance steps evoke an increase in the activity of thalamic inputs supplying excitatory drive to cortical inhibitory neurons that is of sufficient duration to account for the time course of cortical suppression. To determine whether large-scale luminance steps are accompanied by strong and sustained increases in the activity of lateral geniculate (LGN) neurons, extracellular recordings were used to evaluate the responses of on-and offcenter neurons in the LGN to sign-appropriate changes in luminance. In response to full-field changes in luminance, geniculate neurons generated robust responses lasting up to several seconds (n ϭ 4 on-center; n ϭ 2 off-center). The initial response was a high frequency burst followed by sustained spiking that decayed slowly to the spontaneous firing rate (Fig. 6 A, B) . The transient and sustained components were quantified in the normalized and averaged population response, which was best fit by a double exponential function having fast ( 1 ϭ 65 ms) and slow ( 2 ϭ 3.6 s) time constants (n ϭ 6) (Fig. 6C,D) . These results indicate that LGN neurons maintain strong excitatory drive to cortical circuits throughout the time course of the luminance-evoked suppression of cortical response.
The impact of luminance steps on orientation tuned responses
The previous results show that changes in luminance suppress responses driven by gratings at the preferred orientation (Figs. 4,  5 ), but they do not address how luminance steps impact the operation of cortical circuits that are responsible for generating orientation-selective responses. Here, we quantify the impact of luminance steps on orientation tuning functions by presenting a full range of orientations (0 -180°) for both equiluminant, luminance step, and delayed luminance step gratings.
After equiluminant grating presentations, orientation selectivity was evident from response onset, because each grating orientation evoked a distinct trajectory of depolarization, causing responses to diverge from their earliest time points (Fig. 7 A, B) . In contrast, the initial responses to luminance step gratings were virtually identical for all orientations, yielding overlapping multiphasic waveforms during the first several tens of milliseconds of response (n ϭ 7) (Fig. 7C,D) . To quantify the initial differences in the orientation tuning for equiluminant and luminance-evoked responses in our sample population, we selected the time of the negative peak of the hyperpolarization (79 Ϯ 12 ms) to fit responses to Gaussian functions and quantify parameters of orientation tuning (Fig. 7G) . At this time, responses to equiluminant gratings were well tuned (width, 48 Ϯ 10°; offset, 0.4 Ϯ 0.1 units; area, 24 Ϯ 6 unit-degrees; n ϭ 7), but those evoked by luminance step gratings were virtually flat, exhibiting no significant orientation preference and an offset below baseline attributable to the hyperpolarization (offset, Ϫ0.08 Ϯ 0.04 units). In some cases (four of seven cells), the response to the preferred orientation was slightly greater than that evoked by other orientations during the luminance-evoked hyperpolarization (Fig. 7C) ; however, this trend was not consistent across the population.
Although orientation tuning was virtually absent throughout the luminance-evoked hyperpolarization, it developed rapidly as responses depolarized, eventually becoming comparable with that evoked by equiluminant gratings. At the time of the peak depolarization (t ϭ 122 Ϯ 25 ms), responses evoked by luminance step gratings were well tuned for orientation (width, 51 Ϯ 12°; area, 23 Ϯ 7 unitdegrees; offset, 0.34 Ϯ 0.04 units), values that were similar to those for equiluminant responses at their peak (t ϭ 64 Ϯ 22 ms; width, 45 Ϯ 5°; area, 27 Ϯ 4 unit-degrees; offset, 0.4 Ϯ 0.03 units). Thus, despite potent suppression evoked by changes in luminance, orientation-selective responses recover completely within 43 Ϯ 15 ms after the negative peak of the hyperpolarization. The rapid recovery of orientation tuning after luminance steps was also evident in the response to the delayed luminance step stimulus (Fig. 7 E, F ) . At the negative peak of the hyperpolarization after the onset of the luminance step, responses to all orientations were grouped closely together and differed by only a few millivolts, indicating a profound impact on orientation tuning. At the 4 (Figure legend continued. ) luminance step grating are virtually coincident, but the peak response evoked by the luminance step grating occurs at a later time than either the high or low contrast equiluminant gratings because of the presence of the luminance-evoked hyperpolarization. E, The latency to peak is significantly longer for responses evoked by luminance step gratings than those for equiluminant gratings. Population statistics for onset latency to peak response for high contrast equiluminant gratings (black squares), low contrast equiluminant gratings (light gray triangles), and high contrast gratings with higher mean luminance than the preceding uniform field (dark gray circles). The peak was quantified by measuring the time at which the response reached 90% of the maximum amplitude. F, Conductance measurements obtained in response to presentation of a grating with a change in mean luminance relative to the preceding uniform field for two cells (i, ii). Conventions are the same as in Figure 2C . Luminance step gratings generated multiphasic changes in membrane potential before depolarizing to the peak response (top row). The multiphasic waveforms were correlated with rapid increases in inhibitory conductance but not excitatory conductance. Subsequently, both excitatory and inhibitory conductances increased to a peak corresponding to the peak in V mem . The traces shown in the top row have membrane potentials slightly below rest, near chloride reversal potential, because of negative current injection, a value at which the luminance-evoked hyperpolarization is less visible. G, Synaptic conductances evoked by luminance step gratings differ substantially from those evoked by equiluminant gratings. To facilitate comparison, traces of excitatory (top panel) and inhibitory (bottom panel) synaptic conductances are overlaid for responses evoked by equiluminant (gray trace) and luminance step gratings (black trace) in the same cell (traces previously shown in Figs. 3Ci and 5Fi) . The initial response to the luminance step grating is an increase in inhibitory conductance but not excitatory conductance, whereas the equiluminant grating evokes simultaneous increases in both excitation and inhibition. Note that the change in luminance prevents the large, rapid increase in grating-evoked excitation and inhibition.
negative peak of the hyperpolarization, the preferred orientation of the Gaussian fit was relatively unchanged from that of equiluminant responses, but the area was markedly reduced, the tuning width was substantially narrower, and the offset was negative because of the hyperpolarization (Fig. 7H ) (delayed luminance step: width, 20 Ϯ 8°; area, 4 Ϯ 2 unit-degrees; offset, Ϫ0.01 Ϯ 0.01 units; equiluminant: width, 45 Ϯ 5°, area, 27 Ϯ 4 unitdegrees; offset, 0.4 Ϯ 0.03 units). From the negative hyperpolarizing peak, responses reversed course and depolarized rapidly to a second peak 32 Ϯ 12 ms later. At this time, orientation tuning was mostly restored and virtually identical to the equiluminant values at the same time point (width, 45 Ϯ 8°; offset, 0.44 Ϯ 0.03 units; area, 21 Ϯ 4 unit-degrees) .
Discussion
These results demonstrate that large-scale changes in luminance evoke brief but powerful suppression that dominates layer 2/3 neuron response to concurrent visual stimulation. In the sections below, we consider the evidence that this response derives from the activation of cortical inhibitory neurons, speculate on the circuitry that mediates this response, and relate these observations to visual masking and related psychophysical phenomenon.
Luminance-evoked suppression is a product of cortically derived inhibition
The suppressive effects of luminance change reported here are consistent with previous studies using extracellular recordings in which it was shown that changes in luminance, although generally ineffective in driving cortical response, could reduce the discharge rate of cortical neurons to effective stimuli (Bridgeman, 1975; Kayama et al., 1979; Kretz et al., 1986; Macknik and Livingstone, 1998; Martin, 2000, 2002; Peng and Van Essen, 2005) . Although extracellular recordings provide a clear picture of the impact of luminance on spike discharge rate, they provide little insight into the excitatory and inhibitory events that mediate this suppression. By using intracellular recordings in layer 2/3, we were able to explore the re- Figure 5 . Changes in luminance transiently suppress ongoing synaptic activity evoked by equiluminant gratings. A, Conductance measurements obtained in response to presentation of an equiluminant low contrast grating followed by a change in mean luminance after a delay of 120 ms for two cells (i, ii). Conventions are the same as in Figure 2C . Responses to the delayed luminance step grating (black trace) and the corresponding low contrast equiluminant grating (gray trace) are overlaid in the top row. Immediately after the presentation of the low contrast grating, neurons generated depolarizing responses attributable to moderate increases in excitatory conductance (fourth row). During the ongoing response, a grating with the same contrast but higher mean luminance was presented ϳ120 ms after the initial grating (vertical dotted line). This sudden increase in mean luminance effectively shut off the ongoing excitatory conductance (fourth row) and simultaneously generated a large spike in inhibitory conductance (bottom row). These responses indicate that grating-evoked excitation was abolished by a large increase in synaptic inhibition generated by the presentation of a delayed luminance step. The square icons represent the preceding uniform field (left icon), the low contrast equiluminant grating presented at time zero (middle icon), and the luminance step grating presented at the indicated time (right icon), remaining until the end of the trial that lasted 1 s. Note that, although the luminance step grating is present for several hundred milliseconds, the response recovers from hyperpolarization within ϳ100 ms. (Cell i in Fig. 5 is the same cell as in Fig. 1C ; cell ii in Fig. 5 is the same as ii in Fig. 3) . B-E, Population statistics for changes in synaptic conductances after changes in pure luminance (B), equiluminant transitions (C), luminance step gratings (D), and delayed luminance step gratings (E). For each cell, percentage changes in synaptic conductances were determined by dividing changes in excitatory and inhibitory conductances (⌬G exc and ⌬G inh ) by the total resting conductance (G total ) before stimulus onset. The pair of data points from each cell are connected by a straight line, and the population mean and SD are juxtaposed. B, For responses to pure luminance transitions, changes in synaptic conductances were assessedatthetimeofthenegative-mostvalueinluminance-evokedhyperpolarization(nϭ11neurons).C,Forresponsestoequiluminanttransitions,changesinsynapticconductancesweremeasuredatthe time of the peak depolarization (n ϭ 10). D, Responses to luminance step gratings were assessed at the time of the negative-going peak of the hyperpolarization (n ϭ 3). E, For delayed luminance step gratings, synaptic conductances were assessed at the time of the minimal value in membrane potential after the change in luminance (n ϭ 3).
sponse of cortical neurons to luminance change in the absence of additional stimuli, and these results demonstrate strong increases in total conductance that are almost entirely accounted for by increases in inhibitory conductance. Moreover, because inputs from the LGN are strictly excitatory, this observation rules out the possibility that luminance-evoked suppression is a subcortical phenomena (i.e., the luminance signal must be conveyed to cortical circuits as an increase in LGN activity to drive inhibitory cortical neurons).
Indeed, extracellular recordings in the LGN revealed that changes in luminance generate robust responses that persist throughout the time course of hyperpolarization in layer 2/3 (Fig.  6 ). These data are consistent with previous results showing that stimulation by diffuse light generates long-lasting responses in the LGN (Hubel, 1960; Hubel and Wiesel, 1961; Jacobs and Yolton, 1970; Mukhametov and Rizzolatti, 1970; Marrocco, 1972; Kayama et al., 1979; Valberg et al., 1985) , sometimes preceded by transient, high frequency bursts (Sherman, 2001) . Although changes in luminance generally produce weaker responses in the LGN than those evoked by gratings or stimulation of the receptive field center alone (Hubel and Wiesel, 1961) , LGN activity does not decline below spontaneous levels after luminance steps, indicating that luminance-evoked cortical hyperpolarization is not attributable to a transient removal of feedforward excitation. LGN neuron after changes in luminance (a transition from gray to white uniform field). In this representative neuron, changes in luminance evoked a large transient response lasting up to 1 s followed by a sustained response over 4 s (average of 6 trials; bin size, 50 ms; horizontal dotted line represents spontaneous activity level). B, Expanded time scale of data in A showing that the luminance-evoked increase in spike discharge remains significantly above baseline activity levels for Ͼ500 ms. Note that, during this time interval, intracellular recordings in layer 2/3 cortical neurons would reveal large hyperpolarizing responses. C, D, Peristimulus time histogram of luminance-evoked spike discharge rate for a population of six extracellularly recorded LGN neurons (4 on-center and 2 off-center). Expanded timescale is shown in D. Responses from each neuron were normalized to the peak spike discharge rate before averaging. The initial burst decayed rapidly over 200 ms to a more sustained level that declined to baseline over the next several seconds. The normalized peristimulus time histogram was fit by a double exponential function.
Figure 7.
Changes in luminance delay the emergence of orientation selectivity and suppress ongoing responses. A, C, E, Intracellular recordings of subthreshold membrane potential responses from the same cell evoked by equiluminant gratings (A), gratings with a change in luminance relative to the preceding uniform gray field (C), equiluminant gratings that were followed by a change in mean luminance after a delay of 100 ms (E). Responses to four different orientations are superimposed and color-coded, as indicated by the legend in A (right). The stimuli are depicted by icons at the top of each panel, including the preceding uniform gray field (left square), a grating presented at time 0 (second square), and a grating presented at 100 ms (E, third square). All gratings were stationary with 10% contrast. Membrane potentials are relative to resting potential. B, D, F, Surface plots showing time course of orientation tuning preference. Intracellular responses were obtained for 18 orientation gratings in 10°intervals and fit by a Gaussian function at every millisecond during the response time course. Pseudocolor scale is shown at right for each panel. A, B, Equiluminant gratings evoked a short-latency, sustained response in which orientation selectivity was evident shortly after the onset of response. C, D, In comparison, gratings with higher mean luminance than the preceding uniform field generated a rapid depolarization followed by a strong hyperpolarization, delaying the emergence of orientation selectivity by ϳ70 ms. E, F, Equiluminant gratings yielded strong depolarizing responses that were virtually abolished by a sudden increase in mean luminance delivered at 100 ms. Subsequently, the orientation tuned response had mostly recovered after ϳ100 ms. G, Population statistics for orientation tuning curves determined from responses to equiluminant gratings (black squares) and luminance step gratings (gray circles) near the negative-most point in the response to the luminance step grating (ϳ50 -100 ms after onset of stimulus). All responses were normalized to response evoked by the preferred orientation of the equiluminant grating at the designated time point. Each set of points was fitted by a Gaussian function. Note that the orientation tuning curve for the luminance step grating is both flat and negative-valued at this time point, demonstrating the delayed emergence of orientation-specific responses. Error bars indicate SEM. H, Following conventions from G, population statistics are shown for orientation tuning curves determined from responses to equiluminant gratings (black squares) and delayed luminance step gratings (gray circles) near the negative-most point in the response to the delayed luminance step grating (ϳ150 -200 ms after stimulus presentation). Note that, although the normalized response to gratings is dramatically reduced after the change in luminance (gray circles), the small Gaussian-shaped hump around 90°indicates that responses to preferred orientations are still slightly greater than those to other orientations.
